P rimary aldosteronism (PA) is the most common causes of secondary hypertension, and unilateral PA is considered surgically curable. 1 The prevalence of PA is estimated to be ≈10% of all hypertensive patients, and it is reported to account for ≈20% of patients with resistant hypertension. [2] [3] [4] [5] [6] The estimated number of PA patients is expected to be relatively large, but the actual number of confirmed cases is more limited. This discrepancy between the estimated prevalence and the actual number of confirmed cases may be partly attributed to a diagnostic workup for PA that is composed of multiple steps and requires measurement of both plasma aldosterone and renin on multiple occasions, suggesting that these processes could be costly and time consuming.
In terms of assays of aldosterone and renin concentrations, most laboratories are still using radioimmunoassays, and availability of studies is limited using nonradioimmunoassay methods. [7] [8] [9] [10] Most of currently available radioimmunoassay systems adopt polyclonal antibodies against aldosterone, which could partly account for unsatisfactory reproducibility. 9, 10 On the contrary, measurement of plasma renin concentrations without using radioactive materials has been recently reported. 7, 8, [11] [12] [13] However, currently available assays for renin concentration have relatively poor sensitivities when compared with assays for plasma renin activity (PRA). It is true that the sensitivities of PRA assay have been improved by prolonging incubation time to produce more angiotensin I, making it possible to achieve sensitivity of <1.0 ng/mL per hour, 14 while producing a dilemma as to sensitivity versus rapidity. There is a need to screen patients with low renin hypertension in order to efficiently pick up those with PA, and nonradioimmunoassay measurements of renin concentrations have been refined to achieve better sensitivities without compromising a shorter reaction time.
Abstract-Measurement of plasma aldosterone and renin concentration, or activity, is useful for selecting antihypertensive agents and detecting hyperaldosteronism in hypertensive patients. However, it takes several days to get results when measured by radioimmunoassay and development of more rapid assays has been long expected. We have developed chemiluminescent enzyme immunoassays enabling the simultaneous measurement of both aldosterone and renin concentrations in 10 minutes by a fully automated assay using antibody-immobilized magnetic particles with quick aggregation and dispersion. We performed clinical validation of diagnostic ability of this newly developed assay-based screening of 125 patients with primary aldosteronism from 97 patients with essential hypertension. Results of this novel assay significantly correlated with the results of radioimmunoassay (aldosterone, active renin concentration, and renin activity) and liquid chromatography-tandem mass spectrometry (aldosterone). The analytic sensitivity of this particularly novel active renin assay was 0.1 pg/mL, which was better than that of radioimmunoassay (2.0 pg/mL). The ratio of aldosterone-to-renin concentrations of 6.0 (ng/dL per pg/mL) provided 92.0% sensitivity and 76.3% specificity as a cutoff for differentiating primary aldosteronism from essential hypertension. This novel measurement is expected to be a clinically reliable alternative for conventional radioimmunoassay and to provide better throughput and cost effectiveness in diagnosis of hyperaldosteronism from larger numbers of hypertensive patients in clinical settings. (Hypertension.
In the present study, we characterized recently developed fully automated chemiluminescent enzyme immunoassay (CLEIA) for plasma aldosterone concentrations (PAC) and active renin concentrations (ARC), which can be measured simultaneously in 10 minutes and 20 seconds, and clinical validation of their diagnostic abilities for detecting PA from hypertensive patients was also performed in this study.
Methods

Patient Eligibility and Diagnosis of PA
Hypertensive patients referred to Tohoku University Hospital for screening of PA were included. As reported previously, [15] [16] [17] [18] [19] we differentiated PA from essential hypertension (EH), performed subtype analysis by adrenal venous sampling (AVS), and confirmed aldosterone-producing lesions in adrenalectomized tissues by pathological evaluation (shortly described in Methods section in the online-only Data Supplement). 18, 19 The eligible PA patients were registered as a cohort of PA Sendai Study and gave written informed consent, 17 and the present study was approved by the ethics committee of Tohoku University School of Medicine (#2011-236, #2012-365).
Development, Validation, and Characterization of CLEIA
The conventional radioimmunoassay methods for PAC, ARC, and PRA are available in Methods section in the online-only Data Supplement. Newly developed assays for PAC and ARC use antibody-immobilized magnetic particles, called MAGRAPID (Wako Pure Chemical Industries, Ltd, Osaka, Japan; Japanese unexamined patent application publication number 5977743, US patent number 9 157 911 B2), with the ability to quickly aggregate and disperse. Limits of detection, accuracy, precision, linearity, and recovery were determined for novel CLEIAs for PAC and ARC according to recommendations of the Clinical and Laboratory Standards Institute. Influence on the assays by ascorbic acid, hemoglobin, bilirubin, bilirubin-conjugate, chyle, and rheumatoid factor were analyzed for interference testing. Cross-reactivity with endogenous and synthetic steroids in addition to mineralocorticoid receptor antagonists was examined concerning the development of the aldosterone assay.
Development of the Novel Automated CLEIA for PAC
For determination of PAC, we used a highly specific antialdosterone monoclonal antibody (A2E11) 20 and peroxidase-conjugated aldosterone. A detailed description of the assay protocol is presented as online-only Data Supplement; the following is a brief description of the protocol: 25 µL of plasma is mixed with 50 µL of reagent 1 including the antialdosterone monoclonal antibody and antimouse polyclonal antibody immobilized onto the magnetic particles MAGRAPID and then incubated for 180 seconds at 37°C. After the incubation, 50 µL of reagent 2 containing peroxidase-conjugated aldosterone is added and incubated for 180 seconds at 37°C. The particles can be rapidly aggregated by applying magnet, and the solution is removed. After washing the magnetic particles, these particles are quickly dispersed by removing the magnet, and 150 µL of substrate solution is added to measure chemiluminescence. The assay for PAC was calibrated inhouse using synthetic aldosterone as reference material.
Development of the Novel Automated CLEIA for ARC
For the determination of ARC, we used 2 antirenin monoclonal antibodies (Japanese patent number 2877222) to develop a 2-site sandwich immunoassay; one recognizes the nonactive site of renin by binding to both renin and prorenin, that is, total renin (monoclonal antibody 12-12, as a capture antibody), 21 whereas the other binds to the active site of renin (monoclonal antibody 11-6, reported to inhibit PRA by >90%, as a detection antibody). A detailed description of the assay protocol is presented as online-only Data Supplement. The following is a brief description of the protocol: 25 µL of plasma is mixed with 50 µL of reagent 1 including antitotal renin monoclonal antibody (monoclonal antibody immobilized to MAGRAPID particles, and then incubated for 180 seconds at 37°C. After removing the mixed solution and washing the magnetic particles, 50 µL of reagent 2 containing peroxidase-conjugated antiactive renin monoclonal antibody (monoclonal antibody 11-6) is added and then incubated for 180 seconds at 37°C. The particles are aggregated by magnet, and the solution is removed. After washing the magnetic particles, they are dispersed by removing the magnet, and then 200 µL of substrate solution is added to measure chemiluminescence. The assay for ARC was calibrated in-house using human recombinant renin (human activated renin [GenBank accession number NM_000537], amino acids 67-406 with C-terminal HIS tag, catalog number: 80200, lot number: 120228; BPS Bioscience, Inc, San Diego, CA) as reference material.
Finally, the automated immunoassay system for simultaneous measurement of PAC and ARC, named Accuraseed, was developed. Accuraseed, a system based on the newly invented MAGRAPID, and CLEIA methods, made it possible to measure PAC and ARC simultaneously from a single plasma sample in just 10 minutes and 20 seconds.
Plasma Samples Used for Validation of the Novel Assay and Comparison to Conventional Methods
All antihypertensive agents other than calcium channel blockers and α-adrenergic antagonists were withdrawn before hormonal examination. Blood samples were collected from an antecubital vein into EDTA-2Na tubes in the supine position and after bed rest for 30 minutes. To avoid cryoactivation of renin during freezing and thawing, 22 blood was immediately centrifuged at room temperature, and subsequently plasma was rapidly frozen using liquid nitrogen, and finally stored at <−20°C. Samples were prepared before assay using rapid thawing in a 20°C water bath to reach room temperature, and then, these plasma samples were immediately assayed. Only one cycle of freeze-thaw process was allowed. Moreover, influence of storage temperature on the novel ARC assay was evaluated with detailed methods described in the online-only Data Supplement.
Blood samples were obtained at the baseline evaluation during the diagnostic process of PA. When the amount of preserved plasma sample obtained at the first step of the diagnostic workup was not sufficient for one-time parallel measurement, another baseline plasma sample from the sample pool of blood obtained under the same conditions, on different occasions, was used.
Validation of the Novel Assays for PAC and ARC
For the measurement of PAC, correlation and linear regression analyses and Bland-Altman plots were performed to compare the novel assay with liquid chromatography-tandem mass spectrometry (LC-MS/MS). 23 The same analyses were also performed to compare the conventional radioimmunoassay, SPAC-S kit, with LC-MS/MS.
For the measurement of plasma ARC, correlation and linear regression analyses and Bland-Altman plots were performed to compare the novel assay with the conventional immunoradiometric assay (IRMA).
Clinical Evaluation of Diagnostic Usefulness Based on the Novel Assay System
The aldosterone-to-renin concentration ratio (ARR ARC ) determined based on the novel assay was evaluated using receiver-operating characteristics analysis to investigate the assay sensitivity and specificity for screening of PA from those with essential hypertension. Sensitivity and specificity were also calculated based on both PAC and ARC levels obtained from the novel assay to evaluate diagnostic ability of PA from patients with essential hypertension as a screening test.
Statistical Analysis
Values below lower limits of detection were assigned to analytic sensitivity values of each assay for subsequent statistical comparison. 
Results
Laboratory Validation of the Novel Assays for PAC and ARC
Detailed results of laboratory validation experiments are presented in the online-only Data Supplement. Briefly, for the novel PAC and ARC assays, the analytic sensitivity was 5.0 ng/dL and 0.1 pg/mL, respectively, and the upper limit of detection was 160 ng/dL and 500 pg/mL, respectively, as shown in Tables S1 and S2.
Diagnosis of PA and EH
Endocrinologic diagnosis was performed by conventional radioimmunoassays. A total of 222 hypertensive patients were referred for evaluation. Of them, 125 were diagnosed as having PA, 75 (60%) had unilateral disease and were finally diagnosed to have aldosterone-producing adenoma (APA) after adrenalectomy (Table) , 50 (40%) had bilateral hyperaldosteronism (BHA), and the remaining 97 patients were diagnosed to have EH (Table) . Conventional radioimmunoassay showed that PAC, aldosterone-to-renin activity ratio (ARR), and captopril-challenged ARR were significantly higher in patients with unilateral APA than in those with BHA or EH (P<0.05). PRA was significantly higher in patients with EH than in those with unilateral APA or BHA (P<0.05), whereas comparison between patients with unilateral APA and those with BHA showed no significant difference in baseline PRA levels.
Clinical Validation of the Novel Assay for PAC
Plasma aldosterone concentration was measured using CLEIA in the whole study population, and it was significantly higher in those with unilateral APA when compared with those with BHA or EH (Figure 2A ; Table S18 in the online-only Data Supplement), as well as in patients with BHA compared with those with EH ( Figure 2A ; Table S18 ). Measurements of PAC by CLEIA significantly correlated with those by the conventional radioimmunoassay (ρ=0.9008; P<0.0001; Figure 1A ).
In terms of aldosterone assay using LC-MS/MS, 102 patients' samples were not available to LC-MS/MS because of shortage of plasma material, and this resulted in limited analysis of the remaining 120 plasma samples (n=120, accounting Figure S7A ). Plasma aldosterone concentrations measured by radioimmunoassay were correlated with those by LC-MS/MS (ρ=0.949; P<0.0001; Figure S7B ), and the degree of correlation between the novel CLEIA and LC-MS/ MS was superior to the conventional radioimmunoassay and LC-MS/MS. The influence on the novel PAC assay for those with renal impairment was investigated. Those with paired results of aldosterone measurements obtained from the novel assay and LC-MS/MS (n=120) were divided into the following 2 groups: one group without chronic kidney disease (meaning (Table  S19 ). The 2 assays showed significant correlation with acceptable linear fit (ρ values were 0.984 and 0.970 in those with and without renal insufficiency), as shown in Figure S9A and S9B, respectively.
Clinical Validation of the Novel Assay for ARC
Active renin concentrations measured by CLEIA significantly correlated with those by the immunoradiometric assay (ρ=0.930; P<0.0001; Figure 1B ). Active renin concentrations measured by CLEIA correlated with measurements of PRA by radioimmunoassay (ρ=0.912; P<0.0001; Figure  S10 ). Based on measurements obtained by CLEIA, plasma ARC was significantly lower in those with unilateral APA and BHA, when compared with those with EH ( Figure 2C ; Table S18 ). Comparison between those with unilateral APA and those with BHA showed no significant difference in ARC measurements ( Figure 2C ; Table S18 ).
Comparison of ARC Assays Between the Novel and Conventional Methods
The ARC measurements of the same plasma samples by the conventional immunoradiometric assay and CLEIA were as shown in Figure 2D . Of interest, 48.8% of those with PA (52.0% and 44.0% of those with APA and BHA, respectively) and 3.1% of those with EH, accounting for 28.8% of all patients, showed that their ARC measurements by the immnoradiometric assay were below its analytic sensitivity (2.0 pg/mL), and these measurements were set to 2.0 pg/mL ( Figure 2D ). With the novel CLEIA of ARC, these measurements were distributed between 0.2 and 2.0 pg/mL ( Figure 2C ), and no measurements were found to be below the analytic sensitivity of the CLEIA (0.1 pg/mL).
Screening of PA Based on the Novel Simultaneous Assay for PAC and ARC
The aldosterone-to-renin concentration ratio were calculated as follows: 45.0±41.7, 14.3±8.4, and 4.1±3.4 ng/dL per pg/ mL, respectively, in patients with unilateral APA, BHA, and EH (mean±SD; Figure 2E ; Table S18 ). Values of ARR ARC were significantly elevated in those with unilateral APA when compared with BHA or EH, whereas those with BHA showed significantly higher ARR ARC than those with EH ( Figure 2E ; Table S18 ).
On the basis of the measurements of ARR ARC , receiveroperating characteristics analysis was performed to investigate a diagnostic ability of ARR ARC as a screening test for PA from those with EH. The receiver-operating characteristics plot with AUC of 0.951 revealed that ARR ARC cutoff of 6.0 ng/dL per pg/mL yielded sensitivity of 92.0% and specificity of 76.3% to discriminate PA from EH ( Figure  S11A ; Table S20A ).
Furthermore, sensitivity and specificity to diagnose PA from those with EH were also extensively investigated based on combination of 2 items, namely PAC and ARC measurements (Table S21A) , rather than the single calculated index of ARR ARC . On the basis of the measurements by Accuraseed assays, combined cutoff values of PAC 12.0 ng/dL and ARC 4.0 pg/mL revealed sensitivity of 90.4% and specificity of 70.1%. Adopting the cutoff values of ARC 5.0 pg/mL with the same aldosterone cutoff 12 ng/dL raises the sensitivity to 91.2%. On the contrary, higher cutoff values of plasma aldosterone 15 ng/dL with the same ARC cutoff 5.0 pg/mL improves specificity to 73.2% from 67.0%, when compared with the aldosterone cutoff 12 ng/dL.
Additionally, we investigated the diagnostic ability of ARR ARC in the screening of patients with APA from those with EH. The receiver-operating characteristics with AUC of 0.978 showed that ARR ARC cutoff of 7.7 ng/dL per pg/mL revealed sensitivity of 96.0% and specificity of 83.5% to discriminate APA from EH ( Figure S11B ; Table S20B ). Another analysis based on combination of PAC and ARC cutoff values revealed that a pair of PAC 12.0 ng/dL and ARC 4.0 pg/mL showed sensitivity of 97.4% and specificity of 70.2%, with detailed data shown in Table S21B .
Discussion
This study reports the clinical validation of the recently developed CLEIA of PAC and ARC, which can be simultaneously measured in 10 minutes. Subsequently, we also evaluated diagnostic abilities of the newly developed assay-based clinical indexes as a screening test to diagnose those with PA from those with EH. Patients with PA have an increased risk of cerebral, cardiovascular, and renal events than those with EH, and unilateral PA has potential to be surgically curable. 1 In addition, the prevalence of PA is reported to be elevated in those with resistant hypertension when compared with regular hypertensives. 5 In terms of pharmacological treatment of hypertension, the use of mineralocorticoid receptor antagonists has been increasing, because this class of agents has been reported to be effective for adequate control of high blood pressure in patients with mild-to-moderate hypertension, 24 as well as the effective add-on medication for those with resistant hypertension 25, 26 and the specific pharmacological treatment for those with PA. 1, 27 An increasing number of reports demonstrated that aldosterone-to-renin ratio and low PRA (or ARC) can predict the response to MR antagonists. [28] [29] [30] Accordingly, there might be substantial and increasing needs to measure PAC and PRA (or ARC) for treating patients with mineralocorticoid receptor antagonists. In other words, clinical demands for more efficient and cost-effective way of screening of hypertensive patients with high ARR and low PRA (or ARC) have been increasing. In this regard, the newly developed CLEIA system might be expected to make a substantial contribution to developing a faster way of analysis, because the assay system only needs ≈10 minutes to measure both PAC and ARC simultaneously from a single small amount of sample (50 µL).
We validated the CLEIA system in terms of its precision, correlation, and sensitivity in the context of diagnostic processes in patients with PA and EH. First, precision of the new assay for aldosterone was considered to be mainly attributed to the highly specific monoclonal antibody it uses. 20 The previous report on another automated CLEIA for PAC and ARC showed that the same antibody against aldosterone was used. 7 As reported in that previous study, 7 the present study also showed reliable precision across its assay range.
Second, the correlation of assays for PAC and ARC were thoroughly examined. CLEIA aldosterone measurements revealed significantly high correlation coefficients with both the LC-MS/MS measurements and those obtained with the currently widely used radioimmunoassay kit. In addition, Bland-Altman plot analysis of CLEIA aldosterone measurements with LC-MS/MS also demonstrated that the novel 10-minute assay could be a clinically reasonable substitute for conventional radioimmunoassay. In terms of ARC, CLEIA also showed significantly high correlations coefficients with the conventional IRMA kit.
Third, the analytic sensitivity of ARC assay was improved from 2.0 to 0.1 pg/mL. In the present study, the ARC levels of nearly half (48.8%) of the PA patients that could be measured by the novel CLEIA were below the limit of analytic sensitivity (2.0 pg/mL) of the conventional IRMA ARC kit. This might imply that values of ARR ARC obtained by IRMA might be falsely calculated as smaller than their actual values. The novel CLEIA for ARC made it possible to detect 0.1 pg/mL, and this improvement might result in changes of ARR ARC values for diagnostic discrimination of PA from EH as a screening index.
Although the sensitivity of the novel ARC assay was improved to 0.1 pg/mL, that of the PAC assay showed no improvement compared with the conventional radioimmunoassay (5.0 versus 2.5 ng/dL). We considered, however, that the analytic sensitivity of the novel PAC assay, 5.0 ng/dL, might be clinically acceptable in the diagnostic processes of PA because of the following 2 reasons. First, in the process of screening, PAC of 5.0 ng/dL should be enough to detect PA cases, although there are rare cases of normal PAC (eg, <10 ng/dL), almost if not all are above the level of sensitivity of the assay. Second, in the setting of confirmatory tests, measurement of relatively low range of PAC might be important, especially in 2 major suppression tests, for example, saline infusion test and fludrocortisone suppression test. According to the current guideline published by the Endocrine Society, 1 optimal cutoff values have been reported to range >5.0 ng/dL to confirm PA in interpretation of these confirmatory suppression tests.
With respect to assay sensitivity, we also considered possible underlying mechanisms for the difference in improvement of analytic sensitivity between the novel ARC and PAC assays. As compared with conventional assays, both assays used newly developed magnetic particles, MAGRAPID, on which antibodies were immobilized, and this method might be considered to make substantial contribution in shortening of immunoreaction, because, in addition to increased surface areas compared with conventional beads, the magnetic particles have advantage to be freely dispersed and quickly aggregated with magnetic power in reaction tube, meaning increased likelihood to capture renin or antialdosterone antibody in shorter reaction times. Moreover, this effect provided by the magnetic particles might be more prominent in the ARC assay, because the assay was based on the 2-antibody sandwich method, in which the increased amount of immobilized antibody would increase trapping of renin and contribute to the increased sensitivity, and this was not applicable to the competitive PAC assay.
Although the ratio of ARR and ARR ARC have been widely accepted as a screening index of PA, 1, 31, 32 conventional assays for ARC have not necessarily provided a sensitivity high enough to differentiate patients with PA from those with low renin hypertension. Under these circumstances, the novel ARC assay with better analytic sensitivity (0.1 pg/mL) might improve its diagnostic ability of ARR ARC as a screening test, and a screening method using ARR ARC might be preferred because of its rapidity and convenience, that is, PAC, ARC, and the resultant ARR ARC can be obtained in 10 minutes by simultaneous assay of a single specimen. In the present study, we considered that evaluation of clinical usefulness of both indexes, ARR and ARR ARC , and a third screening method based on individual measurement of PAC and ARC.
With respect to ARR ARC , some cutoff values have been advocated with various sensitivity and specificity; for instance, the Endocrine Society clinical practice guideline listed 20 different cutoff values with combination of different units in measurements of renin and aldosterone. 1 We considered that we needed to standardize the novel ARC assay to make as accurate comparison as possible in the pursuit for optimal cutoff values. Among the 3 major studies on recently developed enzyme assays of ARC. 7, 12, 13 Manolopoulou et al reported that their iSYS ARC assay was traceable to World Health Organization international standard renin (code 68/356) with its conversion factor of 1.67 (unit conversion from pg/mL to µIU/mL, meaning one unit of standard renin was measured as 600 ng using iSYS ARC assay). We used the same World Health Organization international standard of renin and determined that one unit of the renin was measured as 591 ng using Accuraseed ARC assay with conversion factor of 1.692 (unit conversion from pg/mL to µIU/mL; as shown in Methods and Results in the online-only Data Supplement). On the basis of these findings, we considered that accuracy of the novel ARC assay was clinically acceptable and results obtained from these ARC assays could be directly compared.
On the basis of the consideration above, ARR ARC cutoff of 6.0 ng/dL per pg/mL corresponds to 5.7 (ng/dL per ng/L), which was shown as one of the advocated cutoff values, 1 and we suggest cutoff values <6.0 when we intend to raise the sensitivity to ≈100%, as is also shown in iSYS assay study showing sensitivity of 98.9% with cutoff of 1.12 ng/dL per µIU/mL (equivalent to 1.87 ng/dL per pg/mL). 7 The present study has some limitations as follows: disproportionate enrollment of subjects compared with an actual prevalence of PA in general hypertensive cohorts, the relatively small sample size for assessment of diagnostic ability, retrospective way of evaluation, and the nature of a singlecenter study, all making it difficult to offer a definitive proposal. Future multicenter studies with more appropriate design of subject enrollment in a prospective fashion are warranted. Based on these limitations, utility of both ARR ARC -based and PAC and ARC-based approaches will need to be prospectively studied in a prevalence study.
Finally, we demonstrated that the novel CLEIA system has clinically acceptable accuracy and improved analytic sensitivity to diagnose PA patients. With the invention of antibody-immobilized magnetic particles with abilities of quick aggregation and dispersion, called MAGRAPID, and the adoption of the highly specific antibodies, this CLEIA system made it possible to measure both PAC and ARC at the same time from a single small amount of sample (50 µL), and it needed only 10 minutes and 20 seconds in the fully automated system. The utilization of this assay system might be expected to contribute not only for facilitating widespread screening of PA in a more rapid and cost-effective manner.
Perspectives
Conventional radioimmunoassays for PAC and ARC have been considered as relatively time-consuming and sometimes unrewarding in everyday clinical practice of hypertension, having most clinicians somewhat unwilling to aggressively perform screening for PA. In contrast, clinical need to perform screening for PA has been still increasing based on the current knowledge that its prevalence might be even higher than previously expected, for instance as high as 20% in those with resistant hypertension. The newly developed CLEIA provided high sensitivities and rapidity clinically enough to be a better alternative to the conventional assays and is expected to provide more efficient, more cost-effective diagnostic framework in the management of PA. Additionally, and more importantly, rapid and onsite availability of PAC and ARC examinations might provide clinical advantage for clinicians in evaluation of pathophysiology and making treatment plans, not only in settings for PA but also in management for larger population of hypertensive patients.
